Under typical service conditions of creep resistant metallic materials, cyclic loading is frequently superimposed on the nominally time invariant creep loading. In the present paper, some results are presented of an investigation into the effects of low-frequency cyclic applied stress superposition in the primary creep stage on the strain and fracture behaviour of a commercial heat-resistant nickel-base 16Cr-10W-4Mo-TiAl alloy. It is shown that such a superposition affects the strain rate as well as the fracture behaviour of the alloy in a rather complicated way. Thus, (i) measurements of the strain rates immediately before and immediately after any applied stress change clearly suggest that the strain rate behaviour cannot be described by a simple constitutive equation; (ii) the time to fracture seems to increase with the applied stress amplitude to the mean applied stress ratio, Δσ/σ, at low, but certainly decreases at high, values of this ratio and depends significantly on the period of superimposed loading, Δ tc, and, (iii) the strain to fracture increases with the Δσ/ σ ratio approximately independently of the period ΔΙ*..
INTRODUCTION
Under typical service conditions of heat-resistant metallic materials, cyclic loading is frequently superimposed on the nominally time-invariant creep loading.
The parameters of superimposed cyclic loading may vary in a very broad range of conditions of stress and time. Of course, the effect of cyclic loading superposition depends on these conditions. Generally, the superimposed cyclic loading affects both the "average" minimum strain rate and the time as well as the strain to fracture. In addition, it can affect the strain at which the average minimum strain rate is attained.
The process described above is frequently called "creep-fatigue interaction". Such an interaction has been the subject of considerable interest and the creeplow cyclic fatigue interaction, at least, has been rather well described phenomenologically III. As to its physical interpretation, ideas on high-temperature low-cycle fatigue prevail 12,31, which does not always seem to be justified. Apart from the above facts, more experimental data are still required to put this complicated mechanical behaviour on a sound physical basis IM. In fact, in the creep-fatigue interaction such processes as creep strain strengthening and, especially, thermal or creep recovery undoubtedly play a very important role, particularly when subgrain or cell structure is developed, which is the case with relatively large strains. When particles of precipitation or dispersion strengthening phase are present in the structure, they can be expected to affect the strain behaviour in the condition under consideration even at very small strains.
In the present paper, some results are presented of an investigation into the effect of low-frequency cycling loading superposition during the primary creep stage on the strain and fracture behaviour of a commercial 16Cr-10W-4MorTiAl nickel-base heat-resistant alloy. It is shown that such a superposition affects the strain rate as well as the fracture behaviour of this alloy in a rather complicated way.
EXPERIMENTAL ALLOY AND ITS CREEP AND CREEP FRACTURE BEHAVIOUR
A commercial heat-resistant 16Cr-10W-4Mo-TiAl nickel-base alloy (ET893, produced in the Russian Federation) is investigated. The chemical composition (in mass %) of the alloy is as follows: 16.32Cr, 9.66W, 4..51Mo, 1.48Ti, 1.39A1 0.010B (as added), 0.025 Ce (as added), 0.05C, 0.47Mn, 0.36Si, 0.008S, 0.010P, bal. Ni. The heat treatment as well as the structure of the alloy in the heat-treated (prior to creep) condition was described in detail elsewhere 15,61. The mean grain diameter of the alloy is 295 μιη; the alloy is strengthened by non-coherent γ'-phase particles about 40nm in diameter, the mean interparticle spacing being approximately 120nm. At grain boundaries, massive irregularly shaped particles of M23Q type carbide appear during aging treatment. The density of dislocations arranged in a three-dimensional network was found to be 8. lxlO 12 m' 2 /5,6/.
Creep behaviour of the alloy under consideration was described and discussed in previous papers 15,11. In particular it was shown /8/ that creep is controlled by the matrix lattice diffusion to which the self-diffusion of all the elements in the matrix solid solution (namely, Ni, Cr, W and Mo) contributes. Hence, the dislocation climb past /-particles was identified as a probable creep strain rate controlling the dislocation mechanism. However, Pahutovä et 0/./8/ have not yet been able to account satisfactorily for the apparent stress exponent of minimum creep strain rate which is significantly greater than that recently predicted theoretically by Rösler and Arzt ,191 and Arzt /10/ for precipitation strengthened alloys, namely ranging from 4 to 5 /9,10/.
In the present work, all the experiments were performed at 1023K. For this temperature, the relation between the minimum creep strain rate e m and the applied stress σ is shown in Fig. 1 . It is in good 194 agreement with that published previously /5-8/. From Fig. 1 it can be seen that the apparent stress exponent of minimum creep strain rate e m , defined as m = (3 lns m / <91ησ)τ, where Τ is the temperature, increases from a value of about 6 at an applied stress of 200 MPa up to a value of about 12 at σ = 500 MPa. For the present investigation, a single stress value of s m =350 MPa was chosen. To this value of σ, an average value of e m equal to 2.01 χ 10" 8 s" 1 corresponds, Table 1 . At this applied stress the value of the apparent stress exponent m is approximately equal to 10. An example of a creep curve corresponding to the above-mentioned conditions of temperature and applied stress is illustrated in Fig. 2 ; this creep curve was obtained for the specimen CZ27, Table 1 . In Fig. 2 , the creep curve is presented in ε, t and Μ coordinates (ε is the creep strain, ε the creep strain rate and t is time). From The creep curve for a temperature 1023K and applied stress 350 MPa in creep strain ε-time t and in creep strain rate ε -time t coordinates.
only the minimum creep strain rate can be defined. The creep strain to the onset of the tertiary creep stage is occasionally as low as about 0.01. The relation between time to creep fracture, tf, and applied stress is shown in Fig. 3 . At the stress under consideration, i.e. 350 MPa, the time to fracture ranges from 112.5 ks to 273.0 ks, on the average 179.8 ks and thus close to that for the specimen CZ27 ( Table 1 ). The apparent stress exponent of time to creep fracture, mf = (Slntf / 31ησ)χ, at σ = 350 MPa is close to 9 and thus (as to its absolute value) only slightly lower than the apparent stress exponent of minimum creep strain rate m = 10.
The relation between strain to fracture, Sf, and applied stress is shown in Fig. 4 . In spite of the scatter, this relation suggests a minimum of 8f just at an applied stress close to 350 MPa. For this applied stress, the strain to fracture ranges from 0.0099 to 0.0210, being 0.0150 on the average (Table 1) . 
Relation between time to fracture, tf, and applied stress σ at 1023 K. Relation between strain to fracture, sf, and applied stress σ at 1023 K.
EXPERIMENTAL DETAILS
The creep tests as well as the creep-superimposed cyclic loading experiments were performed in purified argon in creep machines allowing to keep the applied stress constant to within 0.1% 111/. The specimens were 50.0 mm in gauge length and 3.2 χ 3.0 mm 2 in cross section. The testing temperature of 1023 Κ was controlled to within IK, the specimen elongation was measured by means of linear variable differential transformers and its time-dependence was recorded continuously both graphically and digitally. The records were computer processed to obtain creep strain rates as functions of time as well as of creep strain. The cyclic loading superposition experiments were performed only during the primary creep stage at 1023K and an applied stress of 350 MPa -the conditions to which the minimum creep strain rate corresponds. The time during which the cyclic superposition is performed ranged in the interval 0 < t < 36 ks, where t is the testing time. The loading conditions of these experiments are illustrated schematically in To evaluate the effect of cyclic loading superposition in the course of primary creep, the time and strain to creep fracture were used as the proper characteristics. Also the creep strain e c and the creep strain rate s c , as measured 4 ks after the last stress cycle, were determined unless, of course, the fracture had taken place in the course of cyclic loading superposition.
Moreover, during cyclic loading superposition, the strain rates were measured immediately before as well as immediately after any applied stress change. The strain rates are denoted as shown schematically in Fig.  6. 
4.1.

RESULTS
Strain-Time Relations. Time and Strain to Fracture
A typical strain-time relation resulting from a cyclic loading superposition experiment at Δσ / σ = 0.2 and At c = 2At = 3.6 ks is illustrated in Fig. 7 (a) . In the case of curve a, the strain changes associated with applied stress changes include, besides instantaneous plastic strains, both the elastic strains of the specimen and the contribution to the measured strain resulting from the finite rigidity of the creep machine loading system. The value of Young's modulus of the alloy investigated was determined 151 as 1. Schematic representation of the applied stress -time relation in creep -superimposed low cycle loading experiment.
1023K was estimated using a specially designed "specimen" machined from an alloy of the same type as that investigated in the present work; the cross section of this "specimen" was ~ 1250 mm 2 and thus more than two orders of magnitude larger than that of the specimens tested in this investigation. For comparison, the strain -time curve denoted a in Fig. 7(a) , as corrected for the two above mentioned contributions to the measured instant strains associated with any stress change, is presented in the same figure as curve b.
In Fig. 7(b) , relations between strain and time are shown for At c = 0.9 ks and values of Δσ/σ ranging from 0.30 to 0.50. Under these conditions, the fracture Schematic representation of the strain rates as measured immediately before and/or immediately after any applied stress change in creep -superimposed low cycle loading experiments.
12 χ to 8 takes place during cyclic loading superposition, i.e. in time periods shorter than 36 ks. The numbers of cycles to fracture as well as further results of cyclic loading superposition experiments are presented in Table 2 .
In Fig. 8 , the times to fracture are plotted against Δσ/σ for the various Δt c considered, i.e. 0.9, 1.8 and 3.6 ks. The point representing the mean time to fracture for Δσ/σ = 0 (see Table 1 ) is marked A in the figure. The scatter of time to fracture is considerable which is typical for the pure creep (Δσ/σ -0) fracture of the alloy investigated. Nevertheless, the data points suggest that the superposition of cyclic loading in primary creep affects the time to fracture in a rather complicated way. With increasing cyclic loading amplitude, Δσ, the time to fracture seems to increase at short periods, but it certainly decreases with increasing cyclic loading amplitude at long periods At c . At a given Δσ/σ, tf depends on At c . Thus, at Δσ/σ -0.2, tf decreases with increasing At c , while at Δσ/σ ~ 0.4, an opposite dependence of tf on At c seems to hold.
The values of strain to fracture, εf, are plotted against Δσ/σ for various values of At c in Fig. 9 . It can be seen that, within the scatter limits, the strain to fracture increases with Δσ/σ monotonously, but it does not seem to depend on the period of cyclic loading, At c , in the interval considered. The increase of strain to fracture, £f, with Δσ/σ is most probably associated with Zf depending on σ in the pure creep experiments, Fig. 4 . In fact, in the cyclic loading experiments, specimens spend 16 ks at σ-Δσ and 16 ks at σ+Δσ, i.e. at stresses to which greater strains to fracture correspond than that at σ = 350 MPa, i.e. Δσ/σ = 0.
While an increase of strain to fracture with relative cyclic loading amplitude could be expected, this is not the case with the rather complicated time to fracture behaviour following from Fig.8. 
The Creep Strain and Creep Strain Rate After the Period of Cyclic Loading Superposition
Independently of At c , the cyclic loading superposition was finished after 36 ks. Unless the fracture takes place during the cyclic loading superposition (see e.g. the ε vs. t curves in Figs. 7(a) and 7(b) Effect of cyclic loading superposition on the relation between time to fracture and the relative applied stress amplitude Δσ/σ. The point denoted A represents the mean time to fracture at the applied stress 350 MPa (Δσ/σ = 0), cf. Table 1. strain as measured 4 ks after finishing this loading, e c , and the corresponding creep strain rate, z c , are plotted against Δσ/σ in Figs. 10(a) and 10(b), respectively. From Fig. 10 it follows that the stress-time cyclic loading history starts to play an important role at Δσ/σ greater than 0.2. Below this value of Δσ/σ, the strain z c as well as the strain rate z c do not depend on At c \ at higher values of Δσ/σ Δ^ may play a role; however, the data are too scarce to provide any evidence for this role.
The Strain Rates Measured Immediately Before and/or After Stress Changes
Examples of the records of strain-time relations before and after stress decrements and/or stress incre- Table 1. ments are illustrated in Fig. 11 . The records shown are corrected for neither Young's modulus nor the effect of finite rigidity of the creep testing machine. From such records, the strain rates measured immediately before and immediately after stress changes were determined; these strain rates are denoted as shown schematically in Fig. 6 . Here "immediately" means that the strain rates were determined approximating the strain-time relations by straight lines in time intervals covering 1 s before and 2 s after any stress change. The time intervals after stress changes could not be as short as those before stress changes owing to vibrations of the creep machine loading system.
Relations between the strain rates ε{, ε Η and e' r (see schematic Fig. 6 ) and time are illustrated in Fig. 12 , in which the strain rate ε vs. time curve for Δσ/σ = 0 (the specimen CZ27) is shown for comparison. Independently of Δσ and At c , the strain rate e' u , as measured immediately after the stress reduction, is negative even at Δσ/σ = 0.05, Fig. 12 (a) . The strain rate upon reloading from σ-Δσ to σ+Δσ, e' r is significantly higher than ε even at the stress change period At c = 3.6 ks, Figs. 12 (a) and 12 (b).
Generally, all the strain rates under consideration depend on time within At = AtJI. Thus, for instance, at Δσ/σ = 0.1 and At c = 3.6 ks, Fig. 12 At the same value of Δσ/σ = 0.1 but At c = 0.9, Fig.  12 (d) , the result does not differ significantly from that described above (Δσ/σ = 0.1, At c = 3.6 ks). The absolute values of e' u are slightly lower but increase with time. Also, the strain rate ε^ is slightly lower and does not seem to depend on time monotonously, which is not the case with the strain rate ε^.. The results for Δσ/σ = 0.25, Figs. 12 (e) and 12 (f), provide a qualitatively similar picture, though the strain rate ε' Μ seems to decrease in time at At c = 1.8 ks (Fig. 12 (e) ) more quickly than that for Δσ/σ = 0.1 (Fig. 12 (c)) ; the dependence ε^ on time as well as the dependences of ε^ and ε^ on time show distinct minima regardless of the values of these strain rates. The effects of Δσ/σ are less pronounced at At c = 0.9 ks than those at At c = 1.8 ks, though the strain rate e' u decreases, while it increases slightly with time for At c = 1.8 ks and 0.9 ks, respectively, Figs. 12 (c) and 12 (d).
To close this section, it should be emphasized that, independently of the conditions of Δσ/σ and At c under consideration, the strain rate as measured immediately after stress decrement, ε' Μ , is always negative and the strain rate as measured immediately before stress increment, , is always higher than the strain rate ε at a constant stress of 350 MPa. Since the minimum creep strain rate at σ-Δσ is lower than that at σ, this result implies an inflection point in the strain ratetime relation at the stress σ-Δσ, as illustrated schematically in Fig. 6 (see also /11/).
DISCUSSION
with time very slightly, its value being of 3.48 χ 10" , while the strain rate ε' Γ varies with time nonmonotonously; its highest values at t = 0 and t = 36 ks are close to 10" 5 s' 1 while at t = 18 ks the strain rate ε' Γ is approximately equal to 3 χ 10" 6 s' 1 , Fig. 12 (b).
A study /5/ of the dislocation structure development in creep of the alloy investigated in the present work clearly demonstrated that subgrain or cell structure does not form and that dislocations remain arranged in a three-dimensional network. Hence, the recovery during the time period At after the stress change from σ+Δσ to σ-Δσ should be due to a coarsening of this dislocation network. Such a process is lattice diffusion controlled /8/ and might be expected to be relatively easy. Nevertheless, the strain rate (see Fig. 6 ) as measured (at the very end of the unloading period, in .p 1Ö
which a stress σ-Δσ is acting) is always (i.e. independently of Δσ and At = Atjl) significantly higher than the creep strain rate ε as measured during the creep test run from its beginning at the stress σ. Thus, the process of recovery proceeds rather slowly in creep of the alloy investigated even at a relatively hightemperature of 1023K.
Another rather remarkable observation is that the strain rate e' u (see Fig. 6 ), as measured immediately after a stress decrement from σ+Δσ to σ-Δσ, is negative even for Δσ/σ as low as 0.05, which can be interpreted by the ratio of the internal stress (as measured by the strain transient dip test technique /13/) to applied stress, σ,/σ, being higher than 0.05 in primary creep at the stress σ+Δσ and 1023K. The above-mentioned negative strain rate may be caused partly by (i) "slow" anelastic backward straining, but essentially by (ii) long range internal back stresses. The adjective "slow" is used here because it is believed /ll/ that backward anelastic straining occurs predominantly during the stress change and/or before the strain rate έ' Μ can be measured. The long-range internal back stresses in creeping metals and solid solution alloys are considered /14/ to be associated with the subgrain and/or cell structure. In precipitation strengthened alloys, the back stress associated with the presence of particles can be expected. The present authors believe that the time-dependent backward straining during the time period At, when the stress σ-Δσ is acting, is predominantly due to this particle back stress. In fact, the stress reduction from σ+Δσ to σ-Δσ must obviously be associated with backward motion of dislocations arrested at particles; the particle back stress can be expected to be proportional to the acting stress.
The observation under discussion is only slightly different from the earlier measurements /5,6/ of the internal stress in creep of the alloy investigated. According to these measurements made at the strain at which minimum creep strain rate was attained (at an applied stress of σ + 0.05σ = 350 + 17.5 = 367.5 MPa), the strain rate measured "immediately" after applied stress reduction is zero at Δσ/σ = 0.08, thus at Δσ/σ less than twice the above value of Δσ/σ. This can be explained partly by the different methods of measurement of the strain rate "immediately" after the applied stress reduction (see /11/), and partly by the fact that the internal stress measurement was performed at the strain to which the minimum creep strain corresponded, while the strain rate z' u measured in the present work is related to the transient strain rate v/ as measured just before the stress reduction from σ+Δσ to σ-Δσ.
The strain rates εζ, , ε' Γ and especially ε' Μ (see Fig. 6 ) exhibit a scatter which is fully tolerable with respect to the fact that the minimum creep strain ε m at a constant stress (Δσ/σ = 0) is as low as ~ 2 χ 10" 8 s"
1 . The above mentioned strain rates generally depend on time, occasionally (under some conditions, e.g. at Δσ/σ = 0.25 and At c = 1.8 ks, Fig. 12 (e) ) nonmonotonously. The nonmonotonous time relations of the strain rates under consideration are difficult to explain. However, the strain behaviour of the alloy under conditions of low-frequency cyclic loading superposition seems to be (somehow) associated with the presence of a relatively large volume fraction of γ'-particles, since exclusively linear relations between the above strain rates and time were observed /15/ for a low carbon 18Cr-12Ni stainless steel at 973K, σ = 100 MPa, Δσ/σ ranging from 0.05 to 0.50 and At c ranging from 0.9 to 3.6 ks.
Generally, the strain (not including the elastic contribution) after Ν cycles, ε^, at a constant temperature can be expressed as:
where έ r and έ " are the strain rates in reloading and unloading periods, respectively, and ε^ are the forward and the backward strains, respectively, Δ/) -At2 -Atc/2 in the present case. The forward strain zf consists of the forward anelastic strain zf a and the instantaneous forward plastic strain ε/-ρ ; thus, Zf= zf a + zf p . The backward strain ε& is represented by the backward anelastic strain &ba, which is, as to its absolute value, equal to the forward anelastic strain zf a , since the anelastic strain is reversible by definition. The net "instantaneous" forward strain ζψ is equal to zf p and the net instantaneous backward strain z" b el z" b et is equal to zero. Since the strain rates ε r and έ " are rather complicated functions of i, At c as well as σ-Δσ and σ+Δσ, respectively, at the present time, it is hardly possible to write a constitutive equation expressing the strain rate dSp / dt at the end of the Nth cycle as a function of σ, Δσ and At c .
In Section 4.2, the effect of low-frequency cyclic loading superposition was evaluated in terms of both the creep strain and the creep strain rate as measured 4 ks after finishing the cyclic loading superposition, unless, of course, fracture takes place during this superposition. It was shown that the stress-time cyclic loading history starts to play an important role at Δσ/σ greater than ~ 0.2 independently of the period At c ; at a higher value of Δσ/σ, the period At c may start to play a role.
Here, it should be noted that the strain to creep fracture reaches a minimum just at a stress σ of 350 MPa (Fig. 4) . The same holds for the creep strain to which the minimum creep strain rate corresponds (see ref. /II/). Thus, the creep strain at which the minimum creep strain rate is attained for applied stresses higher as well as lower than σ = 350 MPa is greater than that corresponding to this applied stress. Hence, in the present specific case of low-frequency cyclic superimposed loading in creep, an increase of strain with time slightly longer than the time at which the creep strain rate reaches a minimum at the stress σ = 350 MPa could be expected. Of course, the same holds for the strain to fracture even if it does not occur during the cyclic loading superposition (Fig. 4) .
The strain to fracture, as affected by the superimposed low-frequency cyclic loading, shows considerable scatter; however, the same holds for creep tests at a single stress of 350 MPa (Δσ/σ = 0), and also the time to creep fracture at this stress shows considerable scatter, Table 1 . Of course, the scatter of the time to fracture at Δσ/σ > 0 can hardly be expected to be smaller. Nevertheless, the relations between the 
